Zearalenones are produced by several Fusarium species and can cause reproductive problems in animals. Some aurofusarin mutants of Fusarium pseudograminearum produce elevated levels of zearalenone (ZON), one of the estrogenic mycotoxins comprising the zearalenones. An analysis of transcripts from polyketide synthase genes identified in the Fusarium graminearum database was carried out for these mutants. PKS4 was the only gene with an enoyl reductase domain that had a higher level of transcription in the aurofusarin mutants than in the wild type. An Agrobacterium tumefaciens-mediated transformation protocol was used to replace the central part of the PKS4 gene with a hygB resistance gene through double homologous recombination in an F. graminearum strain producing a high level of ZON. PCR and Southern analysis of transformants were used to identify isolates with single insertional replacements of PKS4. High-performance liquid chromatography analysis showed that the PKS4 replacement mutant did not produce ZON. Thus, PKS4 encodes an enzyme required for the production of ZON in F. graminearum. Barley root infection studies revealed no alteration in the pathogenicity of the PKS4 mutant compared to the pathogenicity of the wild type. The expression of PKS13, which is located in the same cluster as PKS4, decreased dramatically in the mutant, while transcription of PKS4 was unchanged. This differential expression may indicate that ZON or its derivatives do not regulate expression of PKS4 and that the PKS4-encoded protein or its product stimulates expression of PKS13. Furthermore, both the lack of aurofusarin and ZON influenced the expression of other polyketide synthases, demonstrating that one polyketide can influence the expression of others.
The genus Fusarium contains some of the most important toxigenic plant-pathogenic fungal species. These species are adapted to different ecological niches all over the world as saprophytes and as pathogens that have wide plant host ranges (36, 42) . Fusarium graminearum (teleomorph, Gibberella zeae) is a devastating pathogen of cereals and causes Fusarium head blight (FHB), also known as scab, on wheat and barley (14, 42) and ear rot of maize (27) . In the last decade FHB has reached epidemic proportions in the United States and has resulted in yield losses and price reductions due to inferior grain quality (30, 56) . The economic damage caused by FHB includes reduced yields, discolored, shriveled "tombstone" kernels, mycotoxin contamination, and reduced seed quality (30) .
Fusarium-infected grains often are contaminated with mycotoxins, such as trichothecenes, fumonisins, and zearalenones, which makes them unsuitable for use as food and feed (30) . Directives from the European Union concerning Fusarium toxins in food set the maximum allowable level for zearalenone (ZON), one of the estrogenic mycotoxins comprising the zearalenones, at 100 ppb for unprocessed cereals other than corn beginning in July 2006 (GAIN report E35115; http://www .fas.usda.gov/gainfiles/200506/146130053.pdf). ZON is a major concern because it has estrogenic activity and can be a significant contaminant of maize, barley, wheat, and other cereals (15, 53) . It causes hyperestrogenism, especially in pigs, and reproductive problems in experimental animals and livestock (8) . ZON has several derivatives, such as ␣-zearalenol, that have greater estrogenic activity than ZON (47) . ZON is produced by several Fusarium species, including F. graminearum, F. culmorum, F. cerealis (synonym, F. crookwellense), F. equiseti, F. semitectum (53) , and F. pseudograminearum (5) . There have also been reports of ZON production by other Fusarium species, but their accuracy has been questioned (53) , as Fusarium taxonomy is complex and chemical analyses are not always clear-cut (29, 51) .
ZON is produced by the acetate-polymalonate pathway and is a polyketide that is synthesized entirely from acetate-malonate units (9) . Fungal polyketide synthases (PKSs) are large multidomain enzymes (type I PKSs) with an iterative function (4, 19, 20) . A minimal PKS consists of the following domains: ␤-ketoacyl synthase, acyl transferase, and acyl carrier protein.
ZON is a fully reduced macrolide, and a PKS involved in the biosynthesis of ZON probably also must have keto reductase, dehydratase, and enoyl reductase (ER) catabolic domains (9) . Since the ER domain performs the last reduction step and is always found together with keto reductase and dehydratase domains, the most likely candidate for the biosynthesis of ZON is a PKS with an ER domain.
The main objectives of this study were to identify and characterize a PKS required for ZON production in Fusarium and to evaluate the importance of ZON for fungal virulence and development. Characterization of the genes and regulatory elements required for the biosynthesis of secondary metabolites may help workers identify factors that influence toxin production and lead to protocols for the detection of toxinproducing strains or to the development of strategies for reducing toxin contamination.
MATERIALS AND METHODS
Strains and culture conditions. F. graminearum 1104-14 (24) was obtained from the Fusarium collection at the National Veterinary Institute in Norway, and F. pseudograminearum IBT 1544 was obtained from the IBT culture collection at the Technical University of Denmark. Two aurofusarin-deficient F. pseudograminearum mutants, PK2.1 and KHt62.1, were used (28) . All strains were maintained as conidial suspensions (1 ϫ 10 7 spores ml Ϫ1 ) in 20% glycerol at Ϫ80°C or in sterile soil.
For genomic DNA extraction, the fungi were cultured with shaking at 28°C in liquid complete medium (25) . For RNA isolation, the F. pseudograminearum strains were cultivated on the medium described by Bell et al. (2) with maltose (20 g/liter) as the C source and urea (140 mg/liter) as the N source for 2 weeks at room temperature. For RNA isolation and high-performance liquid chromatography (HPLC) analysis of ZON production, F. graminearum strains were cultivated on polished parboiled rice at 25°C in the dark for up to 2 weeks; 20 g of rice (Uncle Ben's long-grain white rice) and 20 ml distilled H 2 O were mixed in a 500-ml Erlenmeyer flask, left at room temperature for 1 h, and then autoclaved at 121°C for 1 h. Each flask was inoculated with 1 ϫ 10 6 spores. For real-time gene expression studies the fungal mycelia were harvested after 4, 7, 11, and 14 days of growth, and for each strain and incubation time three replicate flasks were used. Escherichia coli strains Top10 (Invitrogen, Carlsbad, Calif.) and JM109 (Promega, Madison, Wis.) were used for plasmid manipulations and propagation. E. coli was grown at 37°C in liquid Luria-Bertani (LB) medium or on LB agar with or without 50 ppm kanamycin (Sigma, St. Louis, MO) and 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranosie (X-Gal)/isopropyl-␤-D-thiogalactopyranoside (IPTG) (Invitrogen) as appropriate (46) . Agrobacterium tumefaciens LBA4404 carrying pAL4404, a disarmed version of the octopine-type Ti plasmid pTiAch5 (18) , was purchased from Invitrogen.
DNA procedures. Fungal genomic DNA was extracted essentially as described by Malz et al. (28) . The fungal genomic DNA used for Southern analysis of ⌬PKS4 mutants was extracted by the method of Rolland et al. (45) . For PCR screening of mutants, DNA extraction was performed with microwave treatment of fungal samples (50) . PCR was carried out with a GeneAmp PCR 9700 system (Applied Biosystems, Foster City, Calif.) with Dynazyme II (Finnzymes, Espoo, Finland) DNA polymerase. Primers were designed on the basis of the genome sequence determined by the Broad Institute (http://www.broad.mit.edu), the annotated MIPS F. graminearum genome database (31) (http://mips.gsf.de/genre /proj/fusarium/), the program SEARCHPKS (58) , and the previously published PKS gene sequences of Kroken et al. (23) . All primers used in this work are listed in Table 1 .
Generation of replacement mutants. The A. tumefaciens vector pAg1-H3 (60) was used to create the PKS4 (FG12055) replacement vector. All gene designations are based on those used by Kroken et al. (23) and MIPS F. graminearum genome database (31) . Genomic DNA of F. graminearum 1104-14, primers PKS4-1-PacI and PKS4-1-FseI, and primers PKS4-2-ApaI and PKS4-2-SacI were used in a PCR to produce the flanking regions PKS4-1 (2,092 bp) and PKS4-2 (1,808 bp). The PCR conditions were 35 cycles of denaturation at 94°C for 30 s (with a first-cycle hold for 5 min), annealing at 60°C for 1 min, and extension at 72°C for 2 min (with a last-cycle hold for 9 min). The fragments were cloned (TOPO TA cloning kit; Invitrogen), digested with the appropriate restriction enzymes (New England Biolabs, Ipswich, United Kingdom), gel purified (QIAquick gel extraction kit; QIAGEN), and ligated (T4 DNA ligase; Promega) into pAg1-H3 to create the replacement vector pAg1-H3-PKS4. This vector was used for homologous recombination and replacement of the central part of PKS4 with hygB.
The replacement vector pAgI-H3-PKS4 was introduced into A. tumefaciens LBA4404 by electroporation (Gene Pulser II; Bio-Rad, Hercules, Calif.) according to the manufacturer's instructions. A. tumefaciens-mediated transformation was carried out as described by Malz et al. (28) . The number of transformed colonies was estimated, and 40 colonies were transferred to new DFM plates containing 150 ppm hygB. PKS4 replacement mutants were verified by PCR performed with primers PKS4-Hyg-A1 and PKS4-Hyg-A2 and primers PKS4-Hyg-B1 and PKS4-Hyg-B2 under the following conditions: 40 cycles of denaturation at 94°C for 30 s (with a first-cycle hold for 5 min), annealing at 60°C for 1 min, and extension at 72°C for 2 min (with a last-cycle hold for 9 min). The primers are located inside the hygB resistance gene and outside the replacement cassette in pAg1-H3-PKS4 but are within the flanking PKS4 sequence.
Southern blot analyses. Genomic DNA (5 g) used for Southern analysis of ⌬PKS4 mutants was digested to completion with BglII, separated on a 0.8% agarose gel, and transferred to a GeneScreen Plus transfer membrane (NEN Life Science Products, Inc., Boston, Mass.) as described by Molenaar and Wilkins (34) . The 1,684-bp hygB fragment used as a probe was obtained by digestion of plasmid pAg1-H3-PKS4 with BglII and AsiSI. The 794-bp fragment from the central region of PKS4, delPKS4 (located at positions 2635 to 3429 in GenBank accession number XM_382572) was obtained by performing PCR with primers PKS4-del-1 and PKS4-del-2 and with F. graminearum 1104-14 genomic DNA as the template. The 1,511-bp fragment from the PKS4-1 region was obtained by digestion of the same plasmid with BglII and XhoI. The probes were labeled by random priming with [␣-32 P]dCTP (Ready-To-Go DNA labeling beads; Amersham Biosciences, Uppsala, Sweden). Prehybridization, hybridization, and washing were performed by using methods described in Current Protocols in Molecular Biology (1); the prehybridization and hybridization solutions contained 5ϫ SSC, 5ϫ Denhardt solution, 1% (wt/vol) sodium dodecyl sulfate, and 100 mg ml Ϫ1 denatured salmon sperm DNA (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), and the high-stringency wash solution used before autoradiography contained prewarmed (68°C) 0.1%ϫ SSC and 0.1% sodium dodecyl sulfate.
Gene expression analysis. RNA was purified from 50 mg fungal biomass by using a RNeasy plant mini kit (QIAGEN, Hilden, Germany) and was treated with RQ1 RNase-free DNase (Promega) or a Turbo DNA-free kit (Ambion, Austin, TX). For reverse transcriptase PCR total RNA was reverse transcribed with Superscript III (Invitrogen) and a random primer mixture of nine nucleotides. The first-strand cDNA product was then used in a PCR with the PKS primers and the following PCR conditions: 35 cycles of denaturation at 94°C for 30 s (with a first-cycle hold for 2 min), annealing at 57 to 59°C for 30 s, and extension at 72°C for 1 min (with a last-cycle hold for 11 min). The PCR products were compared by agarose gel electrophoresis.
Relative expression of the PKS4 and PKS13 (FG12014) genes was determined over time by real-time quantitative PCR using an Applied Biosystems 7900HT instrument (Applied Biosystems) with a standard 96-well block, SYBR Green PCR Master Mix, and SYBR Green reverse transcription-PCR reagents (Applied Biosystems). One-half of the inoculated rice was used for RNA extraction. The ZON content was determined by HPLC by using the second half of the culture. Housekeeping genes, including the genes encoding ␤-tubulin (FG09530), translation elongation factor 1␣ (FG08811), and ubiquitin conjugating enzyme (FG10805), were used as internal controls because the proteins belong to different protein families and were therefore unlikely to be coregulated. For the ␤-tubulin gene we used primers FGtubf and FGtubr (44) . Specific primers for the other control genes and the target genes were designed by using Primer Select (DNAStar, Madison, WI). The specificity and efficiency of each primer pair were tested by constructing a standard curve over 5 logs, followed by a dissociation curve. All primer pairs had an efficiency of 1.91 to 1.93 and produced only a single amplicon. Target and internal control genes for each biological sample were examined on the same plate. A minimum of three PCRs were performed for each biological sample.
Housekeeping genes were stably expressed in this experiment, as determined by BestKeeper (43) , and the BestKeeper Index was used to normalize target gene data. The comparative cycle threshold (C T ) method (User Bulletin 2; ABI PRISM 7700 sequence detection system; Applied Biosystems) was used to calculate the level of gene expression relative to the calibrator.
Analysis of ZON production. ZON production was determined by HPLC. Chemical analyses were carried out with ⌬PKS4 mutants and the wild-type strain cultivated on polished parboiled rice. Samples were freeze-dried, and 0.2 g of each sample was transferred to a 14-ml screw-cap glass vial. HPLC analysis was carried out as described by Nielsen and Smedsgaard (37), but the procedure was modified by using a photo diode array detector (DAD), a fluorescence detector (FLD) with excitation at 230 nm and with an emission cutoff at 450 nm, and a Luna C 18 II column (100 by 2 mm; inside diameter, 3 m; Phenomenex, Torrance, Calif.). Samples (3 l injected) were analyzed by using a water-CH 3 CN gradient that began at 15% CH 3 CN, increased linearly to 100% CH 3 CN over 20 min, and then remained the same for 5 min. Both solvents were acidified with 50 ppm trifluoroacetic acid. The DAD signal range was 200 to 600 nm, and the FLD was set to excitation at 230 nm with an emission cutoff at 450 nm. Reverse transcriptase PCR primers Outcross experiments. To test the genetic linkage of the ZON-deficient ⌬PKS4-T9 mutant, we made crosses with the MAT1-1 deletion strain T39⌬M1-3 and with Z3639-M25, Z3643, and H-4 derivatives that had a green fluorescent protein sequence inserted into the MAT1-2 locus (26). The four heterothallic MAT deletion strains were used as females, and the ⌬PKS4-T9 mutant and the 1104-14 wild-type strain were used as males in crosses on carrot agar, as described by Bowden and Leslie (6) . Each outcross was performed on 10 carrot agar plates. Production of perithecia with emerging cirri containing viable ascopores was observed only with the ⌬PKS4-T9 and 1104-14 controls.
RESULTS

Analysis of the PKS protein sequences with SEARCHPKS.
ZON is a reduced macrolide, and a PKS involved in the biosynthesis of ZON probably must have an ER domain (9) . Analysis of the putative PKS protein sequences from the annotated MIPS F. graminearum genome database (31) with the program SEARCHPKS (58) 
, and FG03340) of the predicted 15 PKS protein sequences (23) had a potential ER domain. Primers for the PKSs were designed and tested with genomic DNA of F. graminearum 1104-14 and F. pseudograminearum IBT 1544. All of the primers gave a 400-bp amplification product, as expected (results not shown). These primers were used in reverse transcriptase PCR to identify a putative PKS involved in ZON biosynthesis.
PKS4 expression in the aurofusarin mutants and in the strain producing high levels of ZON. Based on the HPLC analysis, ZON was produced by the aurofusarin-deficient mutants of F. pseudograminearum, PK2.1 and KHt62.1, but not by F. pseudograminearum wild-type strain IBT 1544 (28) under the culture conditions used. The PKS4 gene encoded the only PKS with an ER for which no transcript was detected by reverse transcriptase PCR in the wild type but which was detected in both mutants (Fig. 1A) . For other PKSs (encoded by PKS3, PKS13, and PKS14) without an ER the gene expression patterns were similar to that of PKS4, with downregulation in the wild type compared to the aurofusarin mutants (Fig. 1B) . The expression of the genes encoding most of the remaining PKSs without ER domains did not differ in the wild type and mutants (results not shown); the exception was PKS12, which is described elsewhere (28) . PKS4 was expressed at a high level in F. graminearum wild-type strain 1104-14 after 7 and 11 days of growth on polished parboiled rice (Fig. 1C) , which coincided with the accumulation of ZON.
A. tumefaciens-mediated replacement of the PKS4 gene. Transformation of F. graminearum 1104-14 with pAg1-H3-PKS4 yielded approximately one hygB-resistant transformant per 1,000 fungal spores. Most of the transformants had the wild-type growth morphology (ϳ95%), but some exhibited restricted growth. Eight mutants with wild-type morphology were arbitrarily selected for further study. Homologous integration into the PKS4 gene was confirmed by PCR amplification with primers PKS4-Hyg-A1 and PKS4-Hyg-A2 and with primers PKS4-Hyg-B1 and PKS4-Hyg-B2. These primers were located inside the hygB gene and outside the replacement cassette, but they were within the flanking PKS4 sequence (Fig. 2) and yielded products only if homologous recombination occurred. The ⌬PKS4 mutants T4, T5, T9, and T11 were double homologous recombinants that produced 2.4-kb and 2.6-kb amplification products with primers PKS4-Hyg-A1 and PKS4-Hyg-A2 and with primers PKS4-Hyg-B1 and PKS4-Hyg-B2 (Fig. 3) . Mutants T7, T8, and T12 were single homologous recombinants; T7 and T8 produced amplification products with primers PKS4-Hyg-A1 and PKS4-Hyg-A2, and T12 produced an amplification product with primers PKS4-Hyg-B1 and PKS4-Hyg-B2. Mutant T6 produced no PCR product and was probably not a homologous recombinant.
Southern analysis confirmed the PCR results. In seven mutants, the hygB probe hybridized to a 4,100-bp fragment (Fig. 4A) , as expected if the entire replacement cassette was inserted into the fungal genome. Additional hybridizing fragments from T7, T11, and T12 probably resulted from partial insertions of the hygB gene and the replacement cassette. Hybridization with the delPKS4 probe (Fig. 4B) showed that the central region of (Fig. 4C ) resulted in identification of multiple hybridizing bands in mutants T7 and T12 but only a single hybridizing fragment in the other mutants. Based on the results of the Southern blot and PCR analyses, T4, T5, and T9 were mutants in which the central region of the PKS4 gene was replaced by a single copy of the hygB gene through double homologous recombination. In mutants T7, T8, and T12 the hygB gene was inserted into the PKS4 gene by a single homologous recombination event. In T7 and T8 the insertion was in PKS4-1, and in T12 it was in the PKS4-2 region. In mutants T7 and T12 a second nonhomologous recombination event also occurred. In mutant T11 the replacement cassette also was inserted into the PKS4 gene by a double homologous recombination event; in addition, this mutant had a second insert in which part of the cassette (hygB was present, but PKS4-1 was not present) was inserted by nonhomologous recombination. Functional analysis of ⌬PKS4 mutants. The wild-type strain produced ZON, but neither ZON nor any of its derivatives was detected in the ⌬PKS4 mutants tested (Fig. 5 ). There were no significant quantitative differences in auro-and rubrofusarin production between the wild-type strain and the mutants. In a pathogenicity test, ⌬PKS4-T9 caused the same severe root rot symptoms in barley roots that the wild-type strain caused (Table 2 ). Treated and nontreated barley seeds germinated within 2 days. Seedlings coated with conidia of F. graminearum 1104-14 or ⌬PKS4-T9 all had the typical bleaching and im- The small open boxes in PKS4 are putative introns. Primers PKS4-Hyg-A1 and PKS4-Hyg-A2 and primers PKS4-Hyg-B1 and PKS4-Hyg-B2 were used to verify replacement of PKS4 (Fig. 3) . These primers are located inside the hygB gene and outside the replacement cassette in vector pAg1-H3-PKS4, but they are within the flanking PKS4 gene sequence and give a product only if homologous recombination occurs. For Southern blot analysis (Fig. 4) , the following three probes were used: the 1,684-bp hygB probe from BglII/AsiSI, the 1,511-bp PKS4-1 probe from BglII/XhoI, and the 794-bp delPKS4 probe made with primers PKS4-del-1 and PKS4-del-2 from the deleted sequence of PKS4. KS, ␤-ketoacyl synthase; AT, acyl transferase; ACP, acyl carrier protein; DH, dehydratase; KR, keto reductase; ER, enoyl reductase. Real-time gene expression analysis of PKS4 and PKS13. In wild-type strain F. graminearum 1104-14, both PKS4 and PKS13 were expressed at low levels after 4 days of growth (Fig. 6 ). The relative gene expression then increased before it returned to the low level after 14 days of incubation. After 7 and 11 days of growth the level of expression of PKS13 was twice the level of expression of PKS4. In the gene replacement mutant ⌬PKS4-T9 the expression of PKS13 was ϳ1% that in the wild type after 11 days. The levels of PKS4 expression were similar in the wild type and ⌬PKS4-T9 after 4 and 7 days of incubation. However, in ⌬PKS4-T9 the level of expression of PKS4 was lower after 11 days and slightly higher after 14 days than the level of expression in the wild-type strain. The quantitative real-time PCR assays were highly reproducible, with standard deviations of Ͻ0.5 in replicate PCRs with the same RNA sample. More variation was observed in the results for replicates with RNA samples from different cultures, and the standard deviations of ⌬C T ranged from 0.35 to 5.16. High levels of ZON were produced under the culture conditions used. After 11 days the level in the culture inoculated with strain 1104-14 was 58 ppm.
PKS expression in the ZON mutant. To determine if the lack of ZON altered the expression of other PKSs, we performed a reverse transcriptase PCR analysis of the wild type and ⌬PKS4-T9 after 7 days of growth on rice. In ⌬PKS4-T9 expression of PKS5, PKS11, and PKS12 increased and expression of PKS10 decreased (Fig. 7) . For the eight other PKSs there was no clear difference between the wild type and ⌬PKS4-T9 under these conditions.
DISCUSSION
ZON is a nonsteroid estrogen that is a contaminant of cereal grains used for human consumption or animal feed. Knowledge of ZON biosynthesis is required to understand how and why this mycotoxin is produced and whether its production influences the production of other secondary metabolites or fungal development. Urry et al. (52) determined the chemical structure of ZON, and other workers (16, 33) described its biosynthesis by head-to-tail incorporation of acetate units via the acetate-malonate coenzyme A (polyketide) pathway. Fifteen PKS genes have been identified in F. graminearum (23) , and recent studies have identified the products of five of these genes (12, 21, 22, 28, 49) ; however, the products and functions 
a Three replicates (replicates A, B, and C) were used, and each replicate contained three plants in a closed system. b Ϫ, no bleaching; ϩϩ, green/yellow bleaching; ϩϩϩ, heavy yellow bleaching. c Ϫ, growth not impaired; ϩϩ, growth impaired; ϩϩϩ, growth heavily impaired.
d Ϫ, not detected; ϩ, detected. e Ϫ, no browning; ϩϩ, browning; ϩϩϩ, heavy browning.
FIG. 6. Relative expression of PKS4
and PKS13 in the wild-type strain (WT) and the ⌬PKS4-T9 mutant cultured for 4, 7, 11, and 14 days on rice. Expression data were normalized to the BestKeeper Index based on the internal control genes encoding ␤-tubulin (FG09530), translation elongation factor 1␣ (FG08811), and ubiquitin conjugating enzyme (FG10805) and were calibrated with the level of expression of PKS4 in ⌬PKS4-T9 cultured for 4 days under ZONproducing conditions. The results are the averages for three replicate cultures and a minimum of three independent amplifications.
FIG. 7.
Reverse transcriptase PCR for F. graminearum wild type (WT) and ZON mutant ⌬PKS4-T9 with primers designed for all PKS genes except PKS4 and PKS13. The strains were cultivated for 7 days on rice at 25°C in the dark. (28) showed that there was specific upregulation of only one gene encoding a PKS with an ER domain, the PKS4 gene. The genes for secondary metabolites often are clustered (3, 48) , and PKS4 is adjacent to PKS13, a gene encoding a nonreducing polyketide synthase. Interestingly, PKS13 and PKS4 have similar expression patterns, and the expression of both genes was reduced in the wild-type strain that produced no detectable ZON under the culture conditions used. PKS4 also was expressed at a high level in a strain of F. graminearum known to produce high levels of ZON. Replacement of the central part of PKS4 with hygB turned off ZON production. The genes encoding several PKSs of F. graminearum have orthologues in other fungi that do not produce ZON. A BLAST search with the whole protein or the nucleotide sequence of PKS4 showed that PKS4 is one of only four genes encoding PKSs of F. graminearum with an ER domain that have no known orthologues in other species. This finding, combined with the transcription data, gene knockout data, and reports of other workers (12, 22) , strengthens the hypothesis that PKS4 is involved in ZON production.
The real-time transcription pattern of PKS4 and PKS13 in the wild type, in which there is a rapid increase followed by a sudden reduction in gene expression, is in agreement with previous Northern analysis results described by Kim et al. (22) . The different time frames for the expression pattern observed in the two experiments might be explained by the different growth media used, SG liquid medium and parboiled rice. The primers used for analysis of PKS4 gene expression were located at the 3Ј end of the coding region. However, in mutant ⌬PKS4-T9, the hygB cassette was inserted in the central part of PKS4 and in the direction opposite the direction of transcription, as determined with the unmodified PKS4 promoter; consequently, the transcription of PKS4 should not be influenced by our gene replacement mutation. PCR tests with the different mutants showed that the promoter and terminator region of PKS4 are not changed. The basically unaltered PKS4 transcription level observed in ⌬PKS4-T9 indicates that PKS4 probably is not regulated by ZON or a derivative of ZON. This conclusion is consistent with the results of Kim et al. (22) , who showed that the putative transcriptional regulator of ZON biosynthesis, ZEB2, was not expressed at the same level in the wild type and the isoamyl alcohol oxidase mutant zeb1 (the isoamyl alcohol oxidase catalyzes the oxidation step for the conversion of ␤-zearalenol to ZON).
Our results also show that inactivation of PKS4 dramatically decreases the expression of PKS13, the second PKS gene in the cluster, and confirm the results reported by Kim et al. (22) . This suggests that the PKS4-encoded protein may work independently and not as part of a multiprotein gene complex together with the PKS13-encoded protein, as observed for a fatty acid synthase and a PKS in the biosynthesis of aflatoxin B 1 (55) . The PKS4-encoded protein or its product may stimulate the expression of PKS13 but not the expression of PKS4. A potential biosynthetic pathway for ZON is as follows: the PKS4-encoded protein synthesizes and reduces the first 10 carbon additions, and this moiety is then released and used as a starter unit (a trigger for gene expression) for the nonreducing PKS13-encoded protein, which completes the carbon addition, similar to the pathway suggested by Gaffoor and Trail (13) .
Several PKSs are differentially expressed in the ZON mutant and in the aurofusarin mutants compared to the expression in the wild-type strains. In the aurofusarin mutants, PKS3, PKS4, PKS13, and PKS14 had a different expression pattern than the F. pseudograminearum wild type. Gaffoor et al. (12) grouped PKS4, PKS13, and PKS14 due to the similarity of their expression patterns. The gene expression in two different Fusarium species and under two different culture conditions grouped these three PKS genes together. ZON mutant ⌬PKS4-T9 expressed higher levels of PKS5, PKS11, and PKS12 and lower levels of PKS10 under conditions under which ZON was produced by the wild type. Thus, in the aurofusarin mutants there was increased expression of ZON genes and the ZON mutant of PKS12, an aurofusarin-related gene (21, 28) . Malz et al. (28) found that a lack of aurofusarin alters ZON production, and we found that expression of ZON biosynthetic genes also is affected in the aurofusarin mutants. In ⌬PKS4-T9 and the wild-type strain, there were no significant quantitative differences in aurofusarin production, so the potential influence on gene expression could have been a coincidence. PKS5 was upregulated in our ZON mutant cultivated on rice, but it was not detected under any conditions in a wild-type strain tested by Gaffoor et al. (12) .
There is evidence that plant-pathogenic fungi are enriched in genes for secondary metabolism, such as the genes encoding PKSs and nonribosomal peptide synthetases (NRPS), whereas fungi that are primarily saprophytes appear to have fewer copies of such genes (59) . Secondary metabolites may play a far more significant role in plant-pathogen interactions than previously anticipated. An NRPS (NPS15) gene is also found in the ZON gene cluster, and its expression seems to be affected by mutations in the ZON gene cluster (22) . The chemical structure of ZON reveals no obvious evidence that an NRPS is required, so these results might be coincidental. Deletion of NPS15 did not affect ZON production (22) . Trichothecenes participate as virulence factors in F. graminearum (17) and are both phytotoxic and mycotoxic. Studies of barley roots inoculated with F. graminearum 1104-14, which produces high levels of ZON, and with ⌬PKS4-T9 revealed no differences in pathogenicity. Similar results were reported by Gaffoor et al. (12) for wheat head infections and by Kim et al. (22) for barley head infections. In addition, for aurofusarin mutants that produced higher levels of ZON than the wild-type strains produced there was not a proportional increase in pathogenicity (28) . In conclusion, ZON does not appear to be important for infection of wheat and barley.
During revision of the manuscript, both the PKS4 and PKS13 genes were reported to be required for ZON production, and the linkage of phenotype to genotype was established with genetic crosses (12, 13, 22) . No sexual progeny were observed in our outcross experiments. The Norwegian strain F. graminearum 1104-14 (24) did not cross with MAT deletion strains from the United States or Korea. F. graminearum has been divided into nine lineages (40, 41, 54) , but our strains have not been placed in any of these lineages at this time. F. graminearum strains from Norway seem to be less aggressive than foreign isolates, and they produce relatively few macroconidia on potato dextrose agar (Oleif Elen, personal communication). Genetic diversity has the potential to cause fertility barriers. Alternative explanations are that there are problems with male fertility or that there are particular strain-by-strain interactions, as reported by Bowden and Leslie (6) . ⌬PKS4-T9 and its wild-type parent produced similar numbers of perithecia when they were cultured on carrot agar. These results are consistent with the conclusion that ZON is not required for or involved in regulation of production of perithecia in F. graminearum (12, 22, 57) .
Agrobacterium-mediated transformation in F. graminearum was very efficient, and the frequency of replacement of the PKS4 gene was high. Of eight transformants examined by PCR and Southern analysis, four resulted from double homologous recombination events and three resulted from single homologous recombination events. We used a 2-kb region on either side of the hygB cassette, which is shorter than the size recommended by Zhang et al. (60) for gene replacement using the pAg1-H3 vector. The transformation frequency of F. graminearum which we obtained in this study was much higher than that obtained by Malz et al. (28) , using the pPK2 vector (7) or the pKHt vector (35) . Thus, A. tumefaciens-mediated transformation in F. graminearum can result in a high frequency of homologous integration events and represents an attractive alternative to protoplast-based fungal transformation protocols. The existence of several efficient tools for knocking out genes in F. graminearum should allow generation of mutants in which the effects of various secondary metabolites on fungal and plant biology can be evaluated.
This study helped identify and characterize genes encoding enzymes that catalyze critical steps in the synthesis of toxins in an economically important fungus. The connection of PKS4 to ZON may be important for developing strategies to combat the fungus (e.g., chemicals from a genetically modified plant or a single-site fungicide that specifically inactivates PKS4 or other genes in the ZON biosynthetic pathway). More mutants and detailed gene expression studies are needed to elucidate the ZON biosynthetic pathway. There have been reports of collective detection of trichothecene-producing Fusarium species with a PCR-based assay that detects the tri5 gene, the gene encoding trichodiene synthase (10, 11, 39) . A similar assay for all ZON-producing Fusarium spp. could be based on PKS4 or other genes in the cluster and might function as a preliminary screening test for grain samples for possible ZON contamination. Analyses of fungal strains that differ in toxin production are needed to generate complementary data on the regulation of these compounds and to provide a more complete picture of the importance of these compounds for fungal biology and pathogenicity.
